SEMICONDUCTOR DEVICE 

BACKGROUND OF THE INVENTION 
i e 1 d of the Invention^ 

The present invention relates to a semiconductor device, 
andj in particular^ to a semiconductor device that includes 
icdmpl ementary ..£ ield - effec t trans is tors^compri s ing n - channel 
field-effect transistors and p-channel field-effect 
transistors. 

(Description of the Related Art^ 

In recent years, the processing power demanded of 
semiconductor devices y such as ^ LSI ^ has become^Qiar shj in 
accompaniment with ^ the development of information 
communication equipment, and the working speed of transistors 
is being increased. In particular, complementary field- effect 
transistors (configured bjjj n - channe 1 field-effect transistors 
and p-channel field-effect transistors are being widely used 
because of their low power consumption. Increases in the speed 
of such transistors have advanced mainly due to the 
miniaturization of their s t rue tures . andjhave been supported 
by the progress [of)^ 1 i thographic technology [for finishing^ 
semiconductor devices. 

However ^recently^minimum finishing dimensions (minimum 
finishing conditions of gates) have become equal to or less 
than^waveleng th levels of^light used i njyl i thog r aph^, andj^further 
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miniaturization^ finishing^ is becoming more difficult. 

Using the fact tha tjelec tron mobility (effective mass) 
changes when silicon crystals are strained, a method^in which 
silicon germanium, which has a larger lattice constant than 
silicon, is used for a substrate film for forming f i eld - ef feet 
trans is tors^and a silicon layer is epi taxi ally grown thereon, 
Whereby strain is imparted to the s ilicon serving as a channel 
portion, /.mobility is raised, and the speed of the transistors 
is increased, fisUdisclosed in JP-A-11 -340337 . 

Also, a method in whicfystart -up d^lay of drain currents 
is controlled by stress control of A gate electrodes of 
field-effect transistors is disclosed in JP - A - 6 - 23 2 17 0 . 

In semiconductor devices (o^recent years, increases in 
the working speed of field-effect transistors havej^^dvancedL 
As one means therefor, a methdd^in which a silicon germanium 
material, which has a larger lattice constant that silicon, 
is used for a silicon substrate of channel portions, to thereby 
impart strain to the silicon and rai se^ mpbi 1 i tyj^ i s beingj 
(considere^. 

However, when materials having different crystal lattice 

that thelattices arealigned, 



cons tan t s^epi taxi a 1 ly jar ejgrown so 



asjin JP - A - 1 1 - 3 4 03 37 , the energy of the strain gen^ated in 
the crystal is large. With respect toAfilm thickness^ equal 
to or greater than a critical film thickness, there is the problem 
that rearrangement is generated in the crystal, and in processes 
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for manufacturing semiconductor devices such as LSI , there is 
an increase in^cost accompanying the introduction of new 
semiconductor devices^ resulting from the introduction of 
uncommon materials/such as silicon germanium, so that practical 
utilization^ is not easy. 

Also, complementary field- effect transistors are 
Configured by) J n -channel ; field- effect transistors using 
electrons as a carrierQand p-channel field-effect transistors 



r 

using positive holes as a carried, and^it is preferable to 
increase the speeds of both the n - channel field- effect 
transistors and the p - channel field - effect transistors in order 
to increase the speed of the semiconductor device^. 

In JP - A - 6 - 2 3 2 17 0 , the target transistor is^a transistor 
created by a chemical semiconductor . Currently, consideration 

is not being given to transistors created on a silicon substrate^ 

c\ 

mainly used in LSI andj^DRAM. The field-effect transistors 
therein are only n-channel field-effect transistors, 

A 

consideration is only given to one axis with respect to the 
control direction of the stress, and the transistors have been 
insufficient . 

The direction (direction in which the drain currents 
mainly flow) of the channels of field-effect transistors formed 
on |thejj^s i 1 icon substrate is commonly (disposed injj^a direction 
parallel to a <110> crystal axis. However, the development 
o f complementary field-effect transistors, in which the channel 
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direction is used as the < 100 > crystal axis direction, is 

advancing from the standpoint of increasing the speed of <K 

A 

p- channel field-effect transistor (Hirokazu Sayama and Yasuaki 
Inoue, Oyo flutsuri ("Applied Physics''), Vol. 69', No. 9, p. 1099 
(2000) ) . The mechanism by which the speed of the p-channel 
field- effect transistors is increased is thought to result from 
the hole mobil i ty of 4 pos i tive hole of the < 10 0 > cry s tal axis. / 



being greater in comparison to that of the <110> axis^and^short 
channel characteristics being improved. ^ i\ 

However, the difference in the crystal axes ^.s)jnot only^ 
that ideal mobility (no strain) of the silicon crystal change B'.fcs 
but there is^h^potential f orjsens i t ivi ty with respect to stress # 
(strain) to also change. In other words * there is (fch ^potential 
for the drain current (mobility) , which is increased by tensile 
strain in <110> axis transistors, to be lowered in <100> axis 
transistors . • 

Therefore, ip (means . forj^increas ingf speed by straining 
the crystal, the transistors whose channel direction is the 
<100> axis direction may be different fromjthan inj field- effect 
transistors whose channel direction is the <110> axis direction 
that are commonly considered. 



SUMMARY OF THE INVENTION 
It is an object of thej^inven t ion to effectively realize, 
in a semiconductor device including n-channel field-effect 
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transistors and p-channel field-effect transistors^ whose 
channel direction is a <100> axis direction, a semiconductor 
device in which^drain current characteristics of the n-channel 
field-effect transistors and the p-channel field-effect 
transistors are excellent. . 

The present inven tors^measuredjs tress dependency of drain 
currents o f f ield- effect tr ansis tors whos e c h a n h e 1 direction 
is the <100> axis direc tionyand^demons tra ted that the stress 
dependency thereof is dif ferentithat of transistors of the common 
< 110 > axis direction. 



Fig. 2 is a graph showing experimental results(ol^s tress 
dependency of drain currents of n-channel field-effect 
transistors and p-channel field-effect transis torsjf ormed on 
an Si (001) surface so that the drain currents flow parallel 
to the <100> axis . The gate length of the evaluated field - effect 
transistors was 0.2 Jim . The directions of the stress were 
uniaxial stress (stress parallel to the channels) within the 
channel surface in a direction parallel to the drain currents 
flowing through the channels of the field-effect .transistors 
and uniaxial stress (stress orthogonal to the channels) within 
the channel surface in a direction orthogonal to the drain 
currents . With respect to the r e f erenc e(numer a 1 sj^of the stress, 
plus represents tensile stress andminus represents compression 
stress . 

In Fig. 2, in the case of the n-channel field-effect 
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transistors, the drain currents increased with respect to 
tensile stress (stress parallel to the channels was about 
4.3%/100 MPa, andjstress orthogonal to the channels was about 
0 . 85%/100 MPa) . 

In the case of the p -. channel field- effect transistors, 
the drain currents increased with respect to compression stress 
(stress parallel to the channels was about 0 . 4 1 % / 1 0 0 > MPa , v a n d ^ 
stress orthogonal to the channels was about 2.2%/100 MPa). 

Fig. 3 illustrates resul ts^when; an experiment that was 
the same as the above - described experiment was conducted in 
^regard to transistors whose channel direction was the < 11 0 > 
direction. 

In Fig. 3, in the case of the n-channel field-effect 
transistors, the drain currents increased with respect to 
tensile stress (stress parallel to the channels was about 
4.3%/100 MPa, and stress orthogonal to the channels was about 
1 . 7%/100 MPa) . 

In the case of the p-channel field-effect transistors, 
the drain currents increased with respect to the direction 
orthogonal to the channels (about 3.6%/100 MPa), but the drain 
currents decreased with respect to the direction parallel to 
the channels (about 6.3%/100 MPa). 

/As is clear! fiom Figs. 2 and 3, it will be understood 

A J 

thatj^stress dependency of the drain currents differs greatly 
depending on the channel direction. In particular, the 
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difference in dependency in p-channel field-effect transistors 
is great, and when transistors that are parallel to the <100> 
axis are created with the same stress control as transistors^ 
parallel to the <110> axis, it is thought that there is the 
potential for the drain currents to be reduced. 

In other words, it was demonstrated that, in order to 
increase the drain current of transistors whose channel 
direction is the <110> axis direction,]) tensile stress should 
be loaded to the n- channel field- effect transistors in 
directions parallel and orthogonal to the inside of the channel 
vsurface^and compression stress should be loaded to the" p - c h an n e 1 
field-effect transistors in directions parallel and orthogonal 
to the inside of the channel surface. 

In the debate within elastic deformation, stress and 



strain are in a proportion^ relation. Therefore, in the 
aforementioned experimental results, the reasonjthatjthe drain 
current increases when tensile stress is loaded to the n-channel 
field-effect transistorsjparallel to the channel is believed 
to be because the crystal lattice of the silicon configuring 
the channel is strained in a tensile dirjction parallel to the 
inside of the channel in comparison with^prior to loading the 



stress, wherebyjelec tron mobility increases. It is possible 
to measure this strain generated in the silicon crystal b yjT E M , 
electron beam analysis, and Raman spectrometry. 

In multilayer film laminate structures ^ such as 
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transistors, thermal stress resulting from differences in the 
coefficient of linear expansion between the materials and 
inherent stress resulting from differences in the lattice 
constant and film contraction at the time of crystallization 
are generated, and residual stress is generated in the structure 
.interior. Generations of field-effect transistors whose 
miniaturization has advanced over the years are commonly 
expressed by their gate lengths. 

The present inventors demonstrated that, when stress 
analysis of field- effect transistor structures is conducted 
and reduction of the manufacturing dimension so f t he ; g ates 
advances, stress generated in the interiors of the structures' 
becomes large due to the miniaturization of the structures and 
the use of new materials. Particularly* in field-effect 
transis torsj(of) the genera t ion [of)^ 0.1 pm gate length, stress 
stemming from oxidation due to STIs (Shallow Trench Isolations) 
becomes a source of stress. * 

Fig. 4 is a graph showing results in which^s tress of channel 
portions of each generation of gate length is analyzed by the 
finite element method. In Fig. 4, stress generate^ in channel 
portions under the gate is low in jth5}(t r an s i s torj(Sf)the generation 
in which the gate length is a comparatively large 2 |xm . However, 
stress becomes drastically higher in [thej^t r an s i s t or^|6f) the 
generation in which the gate length is 0.25 [im or less, and 
reaches almost 3 times that of the 2 jam generation in the 0.1 
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ixm generation. Research is being conducted in regard to the 
influence of stress generated in field-effect transistors on 
transistor characteristics. For example , research is being 
conducted in regard tbi stress dependency of mutual conductance, 
which is one characteristic of field-effect transistors (Akemi 
Hamada, et al . , IEEE Trans . Electron Devices / Vol 38 , No. 4, 
pp ; 895 - 90 0 , 1991) . , .-,./<. ^-ay,^ 

However, conventionally, there was (not the^problem of 
the "characteristics of field - effect transistors flue tuating 
due to stress. This is thought to be because , as shown in Fig. 
4, ^stress generated in transistor structures rwas: small in 
pre - 0.25 |jjn field-effect, transistors , i.e., of 0 .2 5 fxm or 
greater. — ■ 



^Moreover , it is also conceivable that^sensi tivi ty of the 
transistors themselves with respect to stress was also low. 

Thus, when the present invention is adapted to a 
semiconductor device whose gate length is 0.25 ^m or lower, 
it proves effective and is preferable. 

Fig. 5 is a graph in which experimental results (gate 
length: 2 jim) of stress dependency of mutual conductance Gm 
of the aforementioned reference (Akemi Hamada, et al., IEEE 
Trans. Electron Devices, Vol. 38, No. 4, pp. 895-900, 1991) 
are compared with experimental results (gate length: 0.2 |im) 
of stress dependency of^Gm of the inventors. 

The comparison in Fig. 5 was conducted by loading stress 
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in a direction parallel to the channel with respect to n-channel 
field-effect transistors in which the channel was parallel to 

ON. 

the <110> crystal axis, dependency of Gm with respect to stress 

k 

was about four times larger in the transistors of the generation 
in which the gate length was 0 . 2 jam than^the transistors of 
the generation in which the gate length was 2 (im. That is, 



the comparison illustrates that A sensitivity; of transistor 
characteristics with respect to s tressyybecomelf higher (due to]^ 
the generations of the transistors (advancing. 

According to stress analysis, with respect to stress 
distribution in the substrate depth direction formed in the 
channel portion of an Si substrate of a field -.effect transistor , 
a place at which stress concentrates is formed near the gate 
electrode. The diffusion zone formation region of a transistor 
of the generation in which the gate length is a small 0.1 (xm 
is formed in a shallow region near the substrate surface in 
comparison to a conventional transistor(pf^a large gate length. 
As a result, it is conceivable that, in transistors of the 0.1 
|im generation, device movement regions are easily influenced 
by. stress. ^ 

Thus, the present inventor s^conduc ted stress analysis 
(wj-tfij^the finite element method in regard to field-effect * 
transistor structures having a gate length of 0.08 fim , and^ 
conducted sensitivity analysis in regard to the influence that 
materials configuring field-effect transistors and peripheral 
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